
CONCEPTS FOR A REAL-TIME SENSORY-INTERACTIVE

CONTROL S Y S m ARCEITECTURE

Anthony J.Barbera, M. L. Fitrgerald, and J. S. Albus

Industr ia l System Divirion, National Bureau o f Standards
Warhington, b. C. 20234

Abr t rac t

Thir paper describes concepts ured in defin -
ing an archi tecture f o r a real - time renrory -
i n t e r a c t i v e contro l rystem. These conceptr vere
arr ived at fram t e r t i n g and evaluating d i f fe rent
contro l rystem r t ra teg ie r a t the National Bureau
o f Standards. A h ie rarch ica l tark decocporition
architecture has been used t o r t ruc ture the com-
plex information proceasing f o r real - t ime rensory
i n t e r a c t i v e robot con t ro l in a manageable form.
' Ib is r t r u c t u r e consists o f a number o f generic
control levels. The task o f a generic con t ro l
leve l i s to .ample i t a input s ta te and generate
an appropriate rerponre output r t a t e which r e r u l t r
in a p a r t i a l decompostion o f i t s t a r k comund.
Sensory feedback i s provided by a procerr ing
rtructure o f modules that are coupled w i t h the
appropriate contro l levelr. The requirement that
the ryrtem m a t be designed for eare o f hyun
colprehenrion har lead t o an i ip lementa t ion l using
a r ta te - tab le processing rtructure. Real - time
responre r e r u l t r from a mult ip le procesror imple-
mentation uring rynchronired commrnicatione
through a c m memory.

Introduction

A cont ro l rystem must decide on the actio-
necerrary to accomplish a goal according t o ru l e r
vhich have been previously programed. I n addi-
tion, there muat be a vag o f measuring the en-
vironment so that the actions can be modif ied t o
enrure that the goal i s accomplished even though
the environment ir changing. Background i n f o ru -
tion qf control ryrtemr may be obtained in (1).
(Figure 1)

%al- time rensory - interact ive contro l murt
decide the output actions based on both the COP-

u n d goal m d the rensory data that measures the
Bta te o f the environment. In addition, the
rerult'r m u a t be output i n a short enough t i n e t o
ensure an e f f e c t i v e and stable reaponre.

Due t o the complexity o f rea l - t ime sensory -
in te rac t i ve control, the system must be strue -
tured i n i t s design and impleoentation t o keep it
comprehensible. The s t ruc tu re murt take in to con-
r idera t ion human l imi ta t ions i n the management of
i d f o r u t i o n (2). These l i m i t a t i o n s r e l a t e t o the
apparent. inabi l i ty o f people t o car i ly u n a g e more
than rcven pieces o f information a t any time (3).
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To deal w i t h thir l imi tat ion, the system i s struc -
tured into well organized interconnected groups o f
component parts, each procearing a smal l r e t o f
infoxnation and each havins c lea r l y defined in ter -
facer. Thir modularirat ion o f the r y r t e m gives
the der ipwr a clear underrtanding o f the system
at any leve l o f de ta i l . Thir c l a r i t y enhances the
derigrrer'r a b i l i t y to e f f i c i e n t l y implement a ryr -
t a r that i r correct, accomplirhes the designer's
intent, and ir easy t o maintain and extend. The
appl icabi l i ty o f t h i s technique i s evidenced i n
the widespread use o f r t ructured programming
(4,5,6).

f

Figure 1: CONTROL SYSRn INPUTS AND OUTPUTS

--A Control Structure

To accomplish complete contro l f o r a complex
mystem through one leve l o f processing r e s u l t s in
a degree of complexity that i s very d i f f i c u l t f o r
people t o understand. The f i r s t step in the rim-
p l i f i c a t i o n o f the procesoing i s to pa r t i t i on the
ryrtem into tw u j o r component modules - sensory
procerring and contro l decision, Th is sect ion
describes the cont ro l dec is ion module while the
following sec t ion will show how the sensory pro-
cesr ing module can be l inked w i t h the con t ro l de-
c i s i o n module. (Figure 2)
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The contro l decision module can be decompored
into a number o f r i m p l e r contro l levels. Each
l e v e l represents a well - defined c lea r l y bounded
c o n t r o l function with a sma l l number o f inputs md
a l imi ted r e t o f outputs. An a resu l t o f thir
modularitation, the designer only deals w i t h sub-
r e t s o f the t o t a l information processing a t each
stage in the implementation. The amounts o f in-
formation that are handled are alwayr kept within
the l i m i t s of comprehension and thus the chance o f
programing errors i s reduced. (Figure 3)

x
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The concurrent operat ion o f there contro l
leve ls provider a r tepwise decomposition o f high
l e v e l tasks i n t o succearively simpler and simpler
component subtarks. By only requir ing each leve l
to drcompose the t a r k a l i t t l e further into the
next lower r e t o f rubtasks, it i s re la t i ve l y aim-
pie t o comprehend snd manage the cont ro l function
o f each leve l .

The ure o f a mu l t i - leve l control r y r t e m re-
quires an addi t ional type o f fee4back t o each lev-
e l . Th is i r status information f-Jn the l w e i
below report ing how w e l l the comano t o tha t love r
l eve l i s being c a r r i e d out. Thus, each l e v e l vi11
rend etatus t o the l e v e l above and rece ive atatus
from the l e v e l below. (Figure 4)

t COYYAW1

The designer determiner the function that
each l e v e l o f the contro l rystem should perform by
rtudying a log i ca l flow o f contro l and information
procesring through a number o f example task decom-
positions. lhir procedure resu l t r in the rpec i f i -
cation o f both the funct ions o f the contro l levels
and the information, structure and data format of
t h e i r interfaces. (Figure 5)

A con t ro l dec is ion l e v e l can be represented
by a generic con t ro l s t ruc tu re . This st ructure
perfornu a p a r t i a l decomposition of an input com-
mand i n t o a se t o f s impler c-nds. A t each in-
stant, the part icular output (cormnand and s t a t u r )
will be determined by the input comnand and the
feedback data processed t o abstract data about the
s t a t e o f the environment relevant t o t h i s leve l .
The output comnand becows the input comnand t o
the next lower level . Each o f these l e v e l s o f
con t ro l rece iver an input cownand and uses r e a l -
time feedback data, both sensory and r ta tus t o
generate an output comMnd and status that i s a
function o f t h i s input data. (Figure 6)
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Figure 6: GENEPIC COWTPOL LZWL

To 8- rite, the c o n t r o l decision module has
been rtructured rr r number o f simple con t ro l de-
c is ion leve l r with v e l l def ined inputr and out-
put.. There levels decompose a task in to simpler
and rimpler subtarkr. In the care o f robot con-
t ro l , the outputs a t the bottom l e v e l are the
dr ive riglulr t o the actuators o f the robot. Each
leve l has A narrowly def ined cont ro l capab i l i t y
that r e s u l t s in a clear i den t i f i ca t i on o f the type
o f renrory procerr ing required a t each level, the
type o f rtatur feedback necerrary, and the kind of
output collmundr and status report ing tha t should
be generated.

Coupling Senrory Data with the Control S t r u c t u r e

Becaure o f the decomporition performed by the
m l t i - l e v e l con t ro l s t r u c t u r e dercribed above,
each l e v e l ham di f fe rent requirements ar t o the

' t y p e m d leve l o f procerred renroty data tha t i s
needed for itr part icular decir ion making procers.
Tbe cont ro l r t ructure, therefore, helpr t o deter -
mine what information Dust be rupplied by the
rcnrory procesring r t r u c t u r e for each c o n t r o l lev -
e l t o decide i t s next output.

A rtructure that rrsociates a corre6ponding
leve l in r renrory processing hierarchy v i th each
level in the control structure will enable the
system t o provide data relevant t o the decis ion
making procers at each o f those levelr . Rav senso-
r y data goer through a processing syrtem that
abrt ractr the requi red information t o be used i n
the dec i r imr that are made at each leve l o f the
control dec is ion module. In general, the higher
levels o f cont ro l requ i re more highly processed
renrory data.

"himrenrory data can a l ro include infoma -
tion from renror ryo te tu that might detect e r r o r
or emergency r i tuat ionr. Because o f the w e l l del -
ineated leve ls o f control, it i s easy fo r the
derigner to determine a t which l e v e l that informa -
'tionrhould be handled to provide the proper

correct ive act ion vithin the c r i t i c a l response
time.

Th is renrory - interact ive contro l arch i tec -
ture, therefore, consists o f linked con t ro l deci -
rion and renrory procesring structures (7). In
the contro l decision s t ruc tu re , a se t o f c o n t r o l
decision levels perform a h i e r a r c h i c a l task decom-
posit ion bared on feedback from the sensory pro-
cesoing atructure. This sensory processing st ruc -
ture i s a corresponding set o f l e v e l s tha t in-
te rac t vith the contro l levels t o provide the de-
gree o f procesoed senoory data necessary for
t h a t p a r t i c u l a r c o n t r o l l e v e l to make the dec i -
rionr required. (Figure 7)

In ru~amry, the bar ic con t ro l decision l e v e l
generates three types o f outputs as a function o f
three typer o f inputs. The inputr are: 1) an in-
put c m n d task, 2) sensory processing dete f rom
the corresponding rensory processing level , and
3) status information from the control decision
l e v e l below. A# a reru l t o f these inputs, the con-
t r o l decision l e v e l vi11 generate the fol loving
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outputs: 1) A contro l conmmnd to the leve l
below, 2) a statu: report t o the next l e v e l
above, and 3) A request to the corresponding sen-
sory processing l e v e l t o indicate what type o f
sensory informatioa i s required A t . t h i s time.

t I '

S t e te-Table Implewnta tion--
Sensory - interactive con t ro l must generate an

output that i s a function o f i t s e n t i r e input
sta te . An important aspect o f t h i s concept i s that
the en t i r e input sta te , not j u s t some subset o f
the input sta te , must be evaluated for each out-
put. In order to implement a system tha t accom-
pl ishes this while remaining comprehensible, the
system has been s t ruc tu red so tha t each cont ro l
leve l i s a state - tab le process where a11 o f the
inputs are sampled each t ime an output i s t o be
generated.

Each l e v e l must a lso include an in te rna l
s ta te var iable tha t e f f e c t i v e l y encodes the hir-
to ry o f how the process arr ived a t the present
condition. It i s the i n t e r n a l memory o f the pro-
cess and stores the contextual information neces-
sary t o a l l w the system to step through a se-
quence of actions. (Figure 8)

m.r.n
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Figure 8: STAR-TAELE INPUS AND OUTFVTS

The imple- tation o f t h i s h ie ra rch ica l task
decoqor i t ioa control system configures each of
the control decision leve ls as A state - table func-
t ion generator. The input state i s defined by the
data that encode the input conmMd, the processed
sensory infornation, the status from lover leve ls
and the internal s t a t e values. These input values
are compared with preprogrmed sets o f possible
input conditions. I f a match i s made, then the
corresponding output procedures are executed. The
output values generated are the output coamand t o
the lower level, the request f o r sensory process -
ing, the status report t o the next higher l e v e l
and the next in terna l s ta te value. (Figure 9)

Figure 9: STATE-TABLE IMPLEMENTATION

The table - l ike mtructure i l l u s t r a t e d becomes
the format i n to which a programing system can
t rans la te a robot task descr ip t ion (3,8). Each
l i n e of the table essen t ia l l y represent8 a produc-
tionrule o f the type IF " this inmt condit ion "
MEN "generate th i s output." It i o a s t r a i g h t for -
ward conversion i n t o th i s table format from A
representation o f a task descr ip t ion v r i t t e n in an
English - l ike procedural prograolling language.
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I h i s table format a lso provides the addit ional
benef i t o f simplfying the modif ication or exten-
sion o f the programming a t each level. Each line
o f the table i s a descr ipt ion o f an input r t a te
and i t s corresponding response. Thus, each l ine
i n the tab le acto l i k e an individual function or
subroutine. Adding new r o u t i n e s t o handle new
conditions i s accomplirhed by insert ing new l i n e s
into the table and does not a l t e r the operation o f
the previously entered lines.

Comnunication Mechanism

The real - t ime aspect o f control i s based on
the concept o f producing a responre t o changes in
input data (input state) in a appropriate t ime
period so that t h i s response ir e f fec t i ve . I f a
contro l cyc le (.in which an input s ta te i s sampled
and an output response generated) i s repeated a t a
ru f f i c i en t l y f a s t rate, the system will provide
continuous con t ro l i n real- time.

I n real - t ime robot control, the amount o f
computation, in general, i s greater t h a t can be
completed on a s ing ie compurer within the necer -
sary t ime period f o r e f f e c t i v e responsive
behavior. For t h i s reason, a multi -processor im-
plementation i s used t o provide addit ional compu-
t a t i o n a l capacity (9). The nu l t i - l eve l contro l
ryr tem lends i t s e l f read i ly t o implementstion en
mult i - processor system. Each o f the leve ls o f the
cont ro l system can execute independently on a
separate processor. The inputs t o a leve l - the
coemund, status, and feedback data - can be read
in fram conman memory bufferr. The procersor then
computes the function o f that l e v e l and the
corresponding output6 can be v r i t t e n to common
memory buf fers that are avai lable t o the other
processors ( levels) . An in i t i a l configurat ion has
been designed t h a t consists o f several m i c r o c a -
pu te r r connected through a comaon bus s t r u c t u r e t o
a commOn memory. (Figure 10)

To s imp l i f y the complexit ies o f mlti-
processor in te rac t ions , a common memory buffer
communication structure has been used. A l l data
i s w r i t t e n in to and read from the colmmon mewry
buffers. The addi t ion or delet ion o f processes i s

a h 0 rimplified. Th is ind i rec t common memory com-
munications link between processors al lows the
development o f each process in i s o l a t i o n by sup-
ply ing appropriate t e s t values to the proper input
commOn bufferr for that part icular process. In-
tegration o f the tested processes i s accomplished
by assigning the appropriate common bu f fe rs to the
processes.

. Real-time behavior requires the continuous
repet i t ion o f the con t ro l cyc le that samples in-
puts and generates outputs. This cyc l i c process -
ing i s r e a l i z e d through the use o f a per iod ic syn-
chronization pulse that def ines the s t a r t o f the
control cycle. Within t h i s cycle, each process
will sample i t s input s t a t e and generate the ap-
propriate output response. Each o f these cyc les
i s divided into s read port ion and a w r i t e por -
tion. During the f i r s t hal f o f a cycle, each pro-
cessor reads data from the common memory buffers.
Af ter computations and during the w r i t e port ion o f
the cycle, the resu l ts can be w r i t t e n t o connuon
memory. This ensures that no data w i l l be
overwritten while another processor i s reading
that buffer. Only one processor i s programed t o
update any part icular data bu f fe r in common
memory. I f a process take6 longer than one com-
municat ion cycle, it w a i t s until the w r i t e hal f
period o f the next cyc le before writing i t s
resu l ts t o cormon memory. (Figure 11)

m
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Figure 11: PROCESSING TIMING STRUCTURE

A l l b u f f e r a are tagged w i t h a number that in-
dicates the cycle in which they were w r i t t e n so
that any process determines how cur ren t i t s input
data i s by checking t h i s number against the
current cycle number. This technique allows pio -
cessors t o ve r i f y tha t they a re executing wlth
current data and a lso provides a check o f the sys-
tem. I f a bu f fe r has not been updated within a
spec i f i ed number o f contro l cycles, the processor
reading that buffer can repor t t h i s information,
and appropriate action can then be taken. (Figure
12)

This multiprocessor conmunications st ructure
d i r e c t l y supports the ata te - tab le processing by
providing an input-compute -output r e p e t i t i v e cy-
c l i n g with a short enough t ime period t o generate

I25



Figure 12: COWON MPXORY COIMUNICAION

e f f e c t i v e responres. Thin r t ruc ture a l r o providar
many powerful debugging c a p a b i l i t i e s by the f a c t
that the rynchronized e a m v n i c a t i o n maintains i n
comnon memory a map o f a l l the important variabler
a t each ins tan t . These var iab les are available t o
independent diagnostic procesres that can monitor
the performance o f the system in real-time. Capa-
b i l i t i e s fo r real - t ime t race and breakpoint
mechanisms are possible as well as the a b i l i t y t o
examine coumon memory wh i le s ing le rtepping the
execution o f the p a r a l l e l procerrer by control l ing
the rynchronization pulre.

Surmparp

The above discussion has treated the d e s i p
o f an arch i tec tu re f o r a real - time senrory -
in te rac t i ve c o n t r o l system. Concepts from the
areas o f rea l - t ime contro l and complex sy r tca
design were brought together t o rhape and guide
t h i s design.

Complex System D e e i g n Concepts.
I)A l l systems m a t be designed t o meet the

human l im i ta t i on o f not being able t o handle (pore
than seven pieces o f information a t a t ime.

2) System are s t ruc tu red t o account for t h i s
l i m i t a t i o n by modular i ra t ion into well-bounded,
funct ional ly independent components, each o f which
processes not more than a few pieces o f in fo rm -
tion.

3) Further reduct ions i n complexity are ob-
tained by the use of generic procesring r t r u c -
tures.

Real-Time Control Concepts

1) A con t ro l system produces output act ions
that are a function o f both i t s input command and
feedback.

2) A sampled contro l system must generate an
output within a task dependent t i m e period a f t e r
the occurrence of an event i n order t o provide an
e f f e c t i v e response.

3) Each response o f the c o n t r o l system must
be a function o f the e n t i r e input r ta te .

m e application o f complex system deoign con-
cepts t o thore for real - t ime renrory - interact ive
control lead t o the following:

1) Modularizat ion o f the rystem i n t o indepen -
dent componcntr which c lear ly del ineater the func-
t ion and rerponr ib i l i t y o f each component.

2) Definition o f generic c o n t r o l structures
(generic con t ro l levala.)

3) Ure of mult iple procersor archi tecture t o
provide r u f f i c i e n t processing for time c r i t i c a l
responses.

4) Ure of synchronized, co-n memory commun-
ica t ionr for continuous real - t ime response and
c l a r i t y o f uuderstanding o f mult iple procesror in-
teractionr.

5) Use o f state - table procerring fo r care o f
contro l function rpec i f i ca t ion , c l a r i t y and pro-
g r a u b i l i t y .
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